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1.  INTRODUCTION
Many breeding animals must balance the demands
of offspring provisioning and self-maintenance, while
functioning within phenotypic, energetic and geo-
graphical constraints (Trivers 1974, Ydenberg et al.
1994, McNamara & Houston 1997). To meet these
challenges, species must adapt their foraging behav-
iour in ways that ultimately optimise both survival
and fitness (Trivers 1972, Nur 1988). Seabirds, for
example, have developed a range of foraging strate-
gies to locate often patchily distributed prey in eph e -
meral marine environments (Ricklefs 1990, although
see Weimerskirch 2007). The diversity of morpholo-
gies and foraging strategies that have evolved within
this group reflect the selective pressures at work
within the wide range of environments exploited
(Weimerskirch et al. 2002). The factors influencing an
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ABSTRACT: To successfully exploit resources, animals must be adapted to operate under pheno-
typic and environmental constraints. The strategies that predators use to locate prey are therefore
diverse, particularly for breeding central-place foragers that must balance investment in repro-
duction and self-maintenance. Magnificent frigatebirds Fregata magnificens are tropical seabirds
with intriguing morphology and feeding ecology, which display strikingly unequal levels of parental
care (males deserting offspring months before females). These unusual traits can better help us
understand the links between movement behaviour and breeding strategies in this poorly studied
species. Using archival GPS, GPS-GSM loggers, bird-borne cameras and dietary data, we investi-
gated the foraging ecology of chick-rearing magnificent frigatebirds from a breeding population
in the Cayman Islands. This population engages in 2 main foraging strategies: (1) coastal trips over
the continental shelf, where individuals target reef species and engage in kleptoparasitism, and
(2) offshore trips during which birds feed on schooling pelagic prey. Differences in strategy use
were partially linked to sex, with males (which invest less in offspring) roaming further from nests,
and showing a higher propensity to forage offshore. Video data further indicated differences in
social information use between strategies: foraging with conspecifics was more prevalent in
coastal environments than pelagic. We suggest that observed variation in at-sea behaviour may
partially be mediated by sex-based differences in parental roles, and/or size differences leading
to intraspecific competition. Our study provides evidence of bimodal foraging and sheds new light
on the importance of both pelagic and coastal feeding in this enigmatic species.
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adult’s choice of strategy are likely to be species- and
location-specific, although body condition is believed
to be a key determinant in some cases (Weimerskirch
1998).
One way that seabirds, as central-place foragers,
have evolved to meet the demands of both chick pro-
visioning and self-maintenance is to engage in flexi-
ble foraging, such as the alternating use of long and
short trips (termed ‘dual foraging’; Weimerskirch et
al. 1994). Birds facing limited resource availability
near the colony may, for example, supplement short
trips in nearshore waters that maximise rates of chick
provisioning with longer trips to distant rich foraging
areas that allow restoration of body reserves (Cuthill
& Kacelnik 1990, Weimerskirch et al. 1999, 2003).
Such foraging strategies have been documented pre-
dominately in the procellariiforms (e.g. Chaurand &
Weimerskirch 1994, Weimerskirch et al. 1994, Wei -
mers kirch 1998), with some reports amongst other
groups of seabirds (e.g. sphenisciforms: little pen-
guins, Saraux et al. 2011; Adélie penguins, Ropert-
Coudert et al. 2004b; alcids: little auks, Welcker et al.
2009a, Brown et al. 2012; sulids: Ropert-Coudert et
al. 2004a).
Variability in foraging behaviour within popula-
tions has also been attributed to sex-based differ-
ences in reproductive investment, physiology or other
phenotypic attributes (e.g. Wearmouth & Sims 2008,
Åkesson & Weimerskirch 2014, Cleasby et al. 2015).
For seabirds, differences in parental roles that confer
differing ties to the colony are believed to influence
at-sea movements (Cristol et al. 1999, Welcker et al.
2009b, Pérez et al. 2014). Social dominance (often
attributed to size dimorphism) can also result in com-
petitive exclusion of one sex from profitable foraging
areas (González-Solís et al. 2000, Marra 2000, Quin-
tana et al. 2010). Similarly, size differences may influ-
ence aspects of flight such as aerial agility, allowing
foraging niche divergence between the sexes (Shaf-
fer et al. 2001, Weimerskirch et al. 2006a).
Here we studied the magnificent frigatebird Fre-
gata magnificens, a wide-ranging tropical seabird
that belongs to a genus of 5 closely related species
with unusual life-history patterns (Nelson 1975).
Frigatebirds tend not to coat their plumage in oil,
preventing them from landing on or in the water
without becoming waterlogged. Nevertheless, they
travel extensive distances at sea during foraging and
migration aided by low flight costs, and thus have a
high dispersal potential (Pennycuick 1983, Spear &
Ainley 1997, Weimerskirch et al. 2006b). Fregata
species raise a single altricial chick per breeding
attempt, have the longest reproductive period of any
bird and engage in extended periods of offspring
provisioning (Diamond 1972, Osorno & Székely 2004).
Nevertheless, they experience low rates of produc-
tivity (~20%, Diamond 1975, Osorno 1996). Marked
reverse sexual dimorphism in frigatebirds (with fe -
males 26% heavier than males on average) has been
linked to dramatically differing levels of parental
investment between the sexes, with males deserting
the chick months before female departure (~3 mo
versus up to ~15 mo, Diamond 1972, Osorno 1999,
Osorno & Székely 2004, Trefry & Diamond 2017).
This unequal investment is thought to result in slow
chick growth and breeding cycles that are annual for
males but may be biennial for successful females
(Diamond 1975, Hennicke et al. 2015). These traits
make frigatebirds interesting candidates for investi-
gating foraging strategies and the underlying drivers
of variability in movement behaviour, since species
with such extreme sex differences in parental roles
might also be expected to show divergence in their
at-sea behaviour.
Perhaps as a result of the intriguing lifestyles of
frigatebirds, previous research has largely focussed
on their breeding biology, diet, kleptoparasitic be -
haviour and energetics (Osorno et al. 1992, Carmona
et al. 1995, Congdon & Preker 2004, Osorno & Szék -
ely 2004, Cherel et al. 2008, Mott et al. 2016). How-
ever, in recent years, the use of biologging has in -
creased our understanding of their foraging behaviour
such that movements during the breeding season
have now been recorded in all 5 species. These stud-
ies have revealed high plasticity in their feeding
strategies, ranging from surface and commensal for-
aging to scavenging and kleptoparasitism (Diamond
1973, Calixto-Albarrán & Osorno 2000, Weimer-
skirch et al. 2016). Similarly, variation and flexibility
have been observed within and between species in
the location and habitat types used during foraging.
Foraging habitats are primarily oceanic (Weimer-
skirch et al. 2004, Hennicke et al. 2015, Mott et al.
2017), although coastal foraging has been suggested
to be important in some cases (Weimerskirch et al.
2006b, Sebastiano et al. 2016). Some evidence of sex-
based differences in habitat use in this group exists
(Hennicke et al. 2015), although few studies have
considered factors such as sex in the context of spa-
tial movements (see Weimerskirch et al. 2006b, 2010,
Trefry & Diamond 2017). Overall, fine-scale foraging
movements, the use of different habitat types and
links to breeding behaviour remain poorly under-
stood. This is particularly true for magnificent frigate-
birds, the only species in the family Fregatidae that
breeds in the Caribbean Sea (Nelson 1975).
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Using combined GPS, video and dietary data, this
study provides a detailed investigation of foraging
behaviour in magnificent frigatebirds. The main aims
of the study were to (1) quantify the prevalence of
nearshore versus pelagic foraging in this species dur-
ing periods of chick provisioning; (2) investigate the
influence of sex and chick age on patterns of forag-
ing; and (3) explore drivers of within-population vari-
ability in foraging strategies.
2.  MATERIALS AND METHODS
2.1.  Study site and ethics
This study was conducted between March and
June 2017 at a regionally important colony of magnif-
icent frigatebirds within the Booby Pond Ramsar site
on Little Cayman, Cayman Islands (19° 39.8’ N, 80°
4.9’ W; Fig. 1; estimated population size in 2017 = 654
breeding pairs, Hanlon 2017). All fieldwork was per-
formed under permissions and guidelines of the
Department of Environment, Cayman Islands Gov-
ernment, and National Trust of the Cayman Islands,
and following established protocols to minimise dis-
turbance (Guilford et al. 2008). All handling proce-
dures were undertaken following ethical guidelines
of the Universities of Liverpool and Exeter. To assess
the potential impact of device attachment and han-
dling, breeding success (measured as the proportion
of nests that hatched and fledged a chick) of all ex -
perimental nests (n = 36), and a group of closely
matched unhandled control nests (n = 163), was re -
corded during the study. Fisher’s exact tests were
used to test for significant differences in breeding
success between these 2 groups.
2.2.  Tracking
Foraging movements of chick-rearing frigatebirds
were tracked using solar-powered GPS-Global Sys-
tem for Mobile Communications (GSM) loggers
(British Trust for Ornithology; mass = 26.0 g; mean
± SD % of body mass = 2.2 ± 0.3%), set to record fixes
on a duty cycle of approximately 15 min and to trans-
mit data via the mobile phone network once 12 loca-
tions had been logged. Birds were captured from
their nests using a modified carbon-fibre extendable
pole and monofilament nylon noose. Devices were
at tached to a small number of contour feathers on the
backs of the birds using water-proof Tesa tape (n =
22: 11 females and 11 males), and birds were han-
dled on average for 15 ± 5 min. Birds were released
away from their nests to reduce disturbance to the
chick, but were observed to return quickly. Owing to
difficulties in capturing birds, these loggers were not
retrieved, and when they ceased transmitting, they
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Fig. 1. (a) GPS tracks (10 min interpolated) and (b) kernel density estimates (25, 50, 70 and 90% contours) of hidden Markov
model-assigned foraging locations from chick-rearing male (blue/dotted) and female (pink/solid) magnificent frigatebirds, 
tracked with remote and archival GPS loggers between March and June 2017 (n = 22). Star = colony location
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were assumed to have been shed. Morphometric
measurements (bill length, bill width, bill depth,
maximum length of flattened wing cord, tarsus
length and tail length) were taken from a subset of
birds using Vernier callipers (±0.1 mm) and steel
rulers (±1 mm) (for morphometric data, see Table S1
in Supplement 1 at www. int-res. com/ articles/ suppl/
m611 p203 _ supp/).
A small number of additional birds (n = 20) were
tracked with archival GPS loggers (modified i-got
GT-120, Mobile Action; mass: 15.1 ± 0.2 g), which
were co-deployed with either video data loggers
(Catnip Technologies; n: deployed = 4, recovered = 1)
or tri-axial accelerometers (X8 or X16, Gulf Coast Data
Concepts; n: deployed = 16, recovered = 3). GPS log-
gers were set to record positions every 30 s, ac -
celerometers at 25 Hz and cameras set to record
footage for 30 min every 1.5 h. Archival loggers were
retrieved once birds were resighted at the colony
(deployment duration: 1−14 d). The total mass of
combined loggers did not exceed 3.8% of the bird’s
body mass (% of body mass: 3.2 ± 0.4). These loggers
were retrieved using the same procedures as during
tagging.
2.3.  Data analyses
All GPS data were interpolated to 10 min inter-
vals prior to analysis, using cubic piecewise hermite
polynomials (following Tremblay et al. 2006). To
identify behavioural patterns at sea, hidden Markov
models (HMMs) were trained on GPS data com-
prised of a subset of foraging tracks from 15 indi-
viduals (n tracks = 15), using the HMM toolbox in
Matlab (Murphy 1998), and then applied to the
remaining tracking data (n tracks = 90). Models
were fitted using log(x+1)-transformed ground
speed and turning angle data (see Fig. S1, Tables
S2 & S3 in Supplement 1). As the colony is set back
from the coast, locations falling within 1 km of the
colony were ex cluded to remove colony-based
behaviours, and only full tracks were used in
analysis (see the Supplement for further details).
Probabilities from HMMs were then used to esti-
mate the most likely behaviour at each time point
in the tracks, allowing those locations likely to be
associated with foraging behaviours to be extracted,
and the proportion of time spent foraging per trip
to be calculated. Model states were validated using
behavioural information extracted from simultane-
ously collected video data for a GPS-tracked indi-
vidual during the study. In brief, video frames were
analysed to provide an ethogram of 1 s intervals of
at-sea behaviours, which allowed foraging activities
(e.g. prey capture attempts or conspecific interac-
tions) to be quantified with respect to strategy (see
Table S4 for details).
Fixed kernel density estimates (KDEs) were calcu-
lated on all tracking data that were not used to train
HMMs, after removal of trips lasting less than
30 min, locations falling over land (assumed to be
resting) and locations classified as likely to be asso-
ciated with sustained directed flight by the HMM
(characterised by high speed and low turning angle,
see Table S3; n = 80). Covariance bandwidth matri-
ces were ob tained using the least square cross vali-
dation estimator (‘ks’ package in R, Duong 2013) on
projected coordinates to prevent spatial biases. We
used 90% and 50% occupancy kernels to estimate
the ‘main’ and ‘core’ home range area of the tracked
population, respectively. For each foraging track,
total distance travelled, maximum distance from
colony, trip duration, mean distance from coast and
home range areas (as above) were calculated. For-
aging effort was also estimated as the proportion of
trip time spent in foraging-related activities. These
were defined from the most probable HMM state
sequence to include State 3 (‘foraging’) and State 2
(‘resting or searching’) with points over land (as -
sumed to be resting) re moved. Unless otherwise
stated, all data are presented as means ± SD. Gen-
eralised linear mixed-effects models (GLMMs) with
a gamma distribution, log link and random individ-
ual intercepts were fitted (Bates et al. 2013) to com-
pare trip characteristics and foraging effort between
(1) males and females, and (2) different stages of the
chick-rearing period (early = chick ages 1−5 wk,
late = chick ages 6−10 wk).
To identify and classify different foraging strate-
gies, Gaussian mixture models were fitted on median
distance from the coast and median trip duration val-
ues, following preliminary exploration of trip charac-
teristic data. Bayesian information criteria for a series
of candidate models with 1 to 9 states were used to
determine the optimal number of clusters (see Fig. S2
and Table S5 for model outputs). The foraging efforts
of birds engaging in coastal and pelagic strategies
were then compared with linear mixed-effects mod-
els (LMMs) as above.
To determine the dietary habits of the study spe-
cies, regurgitate samples were collected opportunis-
tically from birds during tag deployment and recov-
ery phases. Intact or partially intact (e.g. tail or head)
prey specimens were later identified to the lowest
taxonomic level with the aid of local fisheries experts.
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Unfortunately, sample sizes were too small and un -
balanced to allow for meaningful statistical analysis
based on sex.
Statistical analyses were performed in R version
3.3.3 (R Core Team 2015), Matlab R2017a and ArcGIS
version 10.3.1.
3.  RESULTS
3.1.  Impact of device attachment
We detected no significant difference in fledging
success (proportion of eggs that hatched and fledged)
of experimental and control nests (control, fledging
success = 0.41, n = 163; experimental, fledging suc-
cess = 0.53, n = 36; Fisher’s exact test, p = 0.196, odds
ratio = 0.615, power = 0.92).
3.2.  At-sea behaviour and trip characteristics
We recorded 105 full foraging trips from 22 out of
42 tagged individuals (11 females and 11 males), 94
of which exceeded 30 min in duration and were used
for further analyses (see Table S6 for logger deploy-
ment and recovery details). The tags recorded be -
tween 1 and 18 trips bird−1 (mean = 4 ± 5), with logger
transmission durations for GPS-GSM tags ranging be -
tween 1 and 64 d (mean = 18 ± 17). The remaining 4
GPS-GSM units failed before the birds departed the
colony. The remaining 16 archival GPS units could
not be recovered, because although the majority of
birds were resighted at their nests, they evaded
recapture (Table S6).
A comparison of negative log-likelihoods between
candidate HMMs with differing numbers of states
provided support for a 3-state behavioural model
(Fig. S1). The 3 states were characterised by (1) high
speed and low turning angle (mean speed = 4.3 ±
0.5 m s−1, turning angle = 2.8 ± 1.8°), (2) low speed
and low turning angle (mean speed = 0.6 ± 0.5 m s−1,
turning angle = 0.8 ± 0.8°) and (3) low speed and high
turning angle (mean speed = 0.7 ± 0.7 m s−1, turning
angle = 25.0 ± 2.8°). States were validated using ob -
served behavioural patterns within simultaneously
collected camera data: 81% of trip sections contain-
ing suspected foraging activity in the camera data
were classified as state 3, providing strong support
for the suggestion that this class is associated with
foraging behaviour (Fig. 2; Table S3). State 1 was
interpreted as being predominantly associated with
sustained directed flight. State 2 was de fined as ‘rest
or search’ as it in cluded periods of slow movement
with low turning angles at sea (most likely associated
with soaring and wind-driven movement) and other
periods with 0 speed associated with resting on or
near land.
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Fig. 2. (a) Example sections of a
magnificent frigatebird foraging
trip coloured according to as-
signed states from a 3-state hid-
den Markov model, and example
time series of (b) ground speed
and (c) turning angle coloured ac-
cording to model-assigned states
(yellow = state 1/sustained flight,
blue = state 2/rest or search, red =
state 3/forage). Grey shading in-
dicates night-time hours
While many trips involved coastal movements
around the Cayman Islands, birds also ranged exten-
sive distances of up to 928 km from the nest, travelling
as far as Florida, USA (Fig. 1). The foraging be haviour
of male and female frigatebirds differed significantly,
with males roaming significantly further from the nest
and coastline, travelling greater total distances and
engaging in longer trips than fe males, although no dif-
ference in foraging effort was detected (Table 1, Fig.
1). There was some evidence of sex-based differences
in home range area (Table 1, Fig. 1), with females hav-
ing smaller core home ranges. There was no evidence
for differences in foraging trip metrics based on stage
of chick rearing for either males or females (Table 1).
Three foraging tactics were identified using Gauss-
ian mixture models, characterised by (1) commuting
flights followed by coastal foraging activity in neritic
waters off Grand Cayman, Cuba, Jamaica or Florida,
USA, (2) pelagic trips of variable duration and (3)
highly localised coastal foraging around Little Cay-
man and Cayman Brac (Fig. 3; Table S5). As strategies
1 and 3 both represented coastal activity, they were
pooled for subsequent analyses, resulting in 2 main
strategy classifications: coastal and pelagic. Of the 7
individuals (4 males, 3 females) tracked over more
than 3 foraging trips, all engaged in both pelagic and
coastal foraging. Females made more coastal trips
(mean percentage of a female’s trips that were coastal =
57 ± 40%), and males made more pelagic trips (mean
percentage of a male’s trips that were coastal = 43 ±
33%; Fig. S3), although no significant difference in
the proportion of trips falling into the 2 strategies was
detected between sexes (chi-squared test, χ21 = 1.7,
p = 0.195). The presence of both coastal and pelagic
feeding, and the importance of reef resources to the
magnificent frigatebird population, was further sup-
ported by regurgitate samples, which contained both
reef-dwelling and pelagic prey (Fig. 4). No significant
differences in foraging effort were detected between
birds that engaged in pelagic and coastal foraging
strategies (LMM, least squares means of foraging
 effort: coastal = 0.676, pelagic = 0.648, p = 0.701).
Both coastal and pelagic foraging were observed
in the individual tracked simultaneously with GPS
and a video logger (Fig. 5; see Supplements 2 & 3 at
www. int-res. com/ articles/ suppl/ m611 p203 _ supp/ for
example video clips). A detailed analysis of video
data provided preliminary evidence to suggest differ-
ences in the cues employed by individuals while en-
gaging in coastal and pelagic foraging: there was a
significantly higher incidence of conspecific and het-
erospecific interactions during coastal foraging than
during pelagic trips (chi-squared test, χ21 = 139.7, p <
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0.001). Only one conspecific interaction was observed
during pelagic foraging, and this appeared agonistic
in nat ure as opposed to feeding-related (Fig. 5).
4.  DISCUSSION
This study reveals new insights into the foraging
ecology of magnificent frigatebirds, providing evi-
dence for a bimodal foraging strategy, sex-based dif-
ferences in foraging behaviour and the importance of
both coastal and pelagic foraging. We discuss our
results below in relation to breeding behaviour, intra-
specific competition and sex-based differences in
parental investment in the study species.
4.1.  Flexible foraging strategies
All birds tracked over extended periods (>4 forag-
ing trips) showed flexibility in foraging behaviour,
engaging in both coastal and pelagic movements.
While not previously described formally in frigate-
birds (but see Sebastiano et al. 2016), such flexibility
is not unexpected in tropical species such as this,
which live in environments generally characterised
by low productivity and resource predictability (Wei -
mers kirch 2007). An ability to adapt to changing con-
ditions and switch between different prey resources
in tropical waters is therefore highly ad vantageous.
The flexible strategies seen here are indeed consis-
tent with a tendency for low levels of site fidelity and
a low occurrence of area restricted search behaviour
reported in the few tropical seabird populations stud-
ied to date (Weimerskirch 2007, Oppel et al. 2017).
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Fig. 3. Three foraging tactics classified according to a 3-
component Gaussian mixture model fitted using ‘distance to
coast’ and ‘trip duration’ metrics for foraging trips of GPS-
tracked magnificent frigatebirds (n = 22) from Little Cayman, 
Cayman Islands, in 2017
Fig. 4. Prey composition of regurgitate samples collected from
magnificent frigatebirds (n = 12) during the tracking period
between March and June 2017, showing the proportion of
samples falling within each prey category. Blue bars = pe -
lagic prey, red bars = coastal prey. Numbers on bars refer 
to recorded sample sizes within each prey category
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Coastal prey resources associated with static fea-
tures such as fringing coral reefs probably represent
more predictable foraging habitats than pelagic en -
vironments where frigatebirds target schooling fish
that inhabit surface waters, such as flying fish and
ballyhoo (Hazen et al. 2013). Furthermore, pre-
dictable opportunities for kleptoparasitism occur in
coastal waters that are adjacent to breeding colonies
of other seabirds (i.e. red-footed boobies, brown
boobies and white-tailed tropicbirds on the Cayman
Islands). The energy gain from food resources ob -
tained in coastal and pelagic habitats is also likely
to differ, which could influence required foraging
and feeding rates (Ydenberg et al. 1994, Ydenberg
1994, Markman et al. 2004). The reason for the
 differential use of these habitats is unknown but it is
interesting to note that, after being released from
the constraints of central place foraging, failed
breeders of both sexes foraged at distance from the
colony in highly coastal waters that border other
states and territories (Fig. S4), strategy also ob -
served in other frigatebird populations (Hennicke et
al. 2015).
Foraging flexibility may be associated with the
trade-off between self-maintenance and offspring
provisioning, with individuals alternating between
these 2 forms of investment (McNamara & Houston
1997). No obvious cyclical pattern in coastal and pe -
lagic strategies was found (Fig. S3), as might be ex -
pected with bimodal foragers that alternate between
foraging trips for self-maintenance and chick-provi-
sioning (e.g. Weimerskirch 1998, Garthe et al. 2003,
Welcker et al. 2009a). Nevertheless, tropical species
may be less likely to show strong periodicity in use of
different strategies for these alternative purposes
than temperate species in which alternating behav-
iours have been observed, and environmental factors
(e.g. wind direction and speed) may instead play a
role in influencing foraging behaviour (Weimerskirch
et al. 2010, 2016). The nutritional requirements of
adults and offspring often differ, and it may be that
the food web targeted varies depending on whether
adults are self-feeding or provisioning young (Mur-
phy 1996, Markman et al. 2004). Nonetheless, if re -
sources are more predictable in nearshore environ-
ments, which also require less travel time to access,
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Fig. 5. (a) Foraging trips of a magnificent frigatebird tracked with video and GPS data loggers from Little Cayman, Cayman Is-
lands, in April 2017, which engaged in both coastal (C, red) and pelagic (P, blue) foraging behaviours. (b) Proportion of video
frames during coastal and pelagic movements during which the bird was observed alone or interacting with conspecifics
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then there are likely to be other factors involved in
driving individuals to engage in pelagic foraging.
Interspecific competition is likely to be higher close
to colonies, where the available pool of resources can
become locally depleted by the population (Ashmole
1971, Gaston et al. 2007). Observed variability in for-
aging strategy may thus be driven (or partially driven)
by intense competition within productive nearshore
environments adjacent to the colony (Oppel et al.
2015). In the case of magnificent frigatebirds, compe-
tition associated with size differences may be an under-
lying mechanism, with larger individuals (females)
out-competing smaller individuals (males) in near-
shore waters (Trefry & Diamond 2017 and references
therein). Both the tracking and dietary data in the
present study suggest that coastal foraging is impor-
tant in this population, highlighted by the fact that
adults commute to distant coastal areas to feed when
actively provisioning chicks (in addition to after fail-
ing a breeding attempt). Pelagic foraging may thus
be influenced by levels of competition in coastal
areas during periods of central-place foraging, as
longer foraging trips will result in lower feeding rates
to chicks and, for some seabirds, can have higher
energetic costs associated with travel, although this
may not be an issue for frigatebirds due to their
highly efficient flight (Chaurand & Weimerskirch
1994, Weimerskirch 1998). Preliminary video data
provide support for the idea that competition may
influence observed differences in at-sea behaviour
within the tracked population: we found evidence for
regular multi-species aggregations and conspecific
interactions during coastal foraging in our recorded
video footage which were not observed during pe -
lagic foraging.
4.2.  Sex-based differences in foraging behaviour
and parental roles
Sex-based differences in feeding ecology in terms
of dietary habits and kleptoparasitic behaviour are
known amongst frigatebirds (Gilardi 1994, Megyesi
& Griffin 1996, Le Corre & Jouventin 1997, Lagarde
et al. 2001) and other tropical Suliformes (Weimer-
skirch et al. 2006a, 2009). In most cases (including at
this study site, R. Austin et al. unpublished data), fe -
males are more likely to kleptoparasitise other spe-
cies (Osorno et al. 1992), and this difference has
again been predominantly attributed to size, with
males thought to be competitively excluded, which
may explain why males foraged on average further
from the colony in our study. Sex-based differences
in morphology may also influence factors such as
flight performance, that may in turn result in differ-
ences in movement behaviour. For example, smaller
males may possess greater aerial agility than females
(Jehl & Murray 1986, Trefry & Diamond 2017), and
higher wing loadings in females may allow faster
gliding flight (e.g. Shaffer et al. 2001, Phillips et al.
2004), which could drive different habitat prefer-
ences. Nevertheless, higher wing loadings might be
ex pected to confer an advantage to female frigate-
birds during offshore foraging, enabling them to
travel further from the coast than males (Trefry &
Diamond 2017), and this was not what we observed
in our study.
It is also highly plausible that different parental
roles observed between the sexes may be involved in
shaping the observed behaviour. Female frigatebirds
feed chicks more frequently and carry greater quan-
tities of food than males during periods of biparental
care (Calixto-Albarrán & Osorno 2000, Osorno &
Székely 2004). Therefore, ties to the colony may be
greater for females, who preferentially choose to
minimise costs associated with commuting with a
heavy food load during chick-provisioning trips
(Cuthill & Kacelnik 1990). Males may therefore be
freer to travel to profitable pelagic areas to forage.
Alternatively, an interplay may exist between size-
mediated competition and levels of parental invest-
ment (Lagarde et al. 2004, Osorno & Székely 2004).
No differences were found in trip characteristics
between early and late chick-rearing stages, regard-
less of sex, consistent with existing suggestions that
feeding rates are unrelated to the age of the chick in
this species (Osorno & Székely 2004). Nevertheless,
the majority of tags detached from birds prior to the
main period of male desertion from nests (late May to
June; Diamond 1972, R. Austin pers. obs.). Therefore,
we are likely to have missed periods associated with
sharp changes in levels of parental care, which
would most likely further influence foraging behav-
iour. Females are known to substantially increase
feeding rates of chicks once the male deserts the nest
(Osorno & Székely 2004) and thus are more likely to
alter their foraging behaviour in response to increased
energetic demands during this period. Understand-
ing how at-sea behaviour may change in response to
the switch from biparental to uniparental care is
therefore a priority for future work.
The patterns in foraging behaviour reported here
highlight the vulnerability of magnificent frigate-
birds to anthropogenic activity in coastal environ-
ments and are therefore relevant to conservation.
Not only were nearshore areas around the Cayman
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Islands important for chick-rearing individuals, but
frigatebirds used highly coastal regions in several
other states and territories, some of which are at con-
siderable distances from their island home. This
highlights the high potential for population mixing
within the Caribbean region and indicates a need for
trans-boundary cooperative management strategies
to effectively conserve this species throughout its for-
aging range. The flexible nature of their foraging
suggests that while this species may be at risk from
pressures both in pelagic and coastal environments,
populations may also have some capacity to buffer
the effects of human disturbance. Alternatively,
should birds employing one strategy be exposed to
greater mortality risk than those using the other, sex
biases in mortality could occur, with implications for
population structure (e.g. Ryan & Boix-Hinzen 1999,
Nel et al. 2002, Baker et al. 2007). In summary, mag-
nificent frigatebirds engage in bimodal patterns of
foraging, and are reliant on prey resources in coastal
areas that experience high levels of human activity,
highlighting the need for effective management
strategies for this wide-ranging species throughout
its distribution range.
Acknowledgements. We are extremely grateful to all staff
and volunteers of the Department of Environment (DoE),
Cayman Islands Government, who assisted with fieldwork
and logistics during this study, in particular Marique Cloete,
Sophie O’Hehir, Tanja Laaser and Frederic Burton. Thanks
also to staff of the DoE Little Cayman research station for
providing accommodation during fieldwork; to the National
Trust of the Cayman Islands for providing necessary permis-
sions to work within the Booby Pond Ramsar site on Little
Cayman; to Phil Atkinson at the British Trust for Ornithology
for support with GPS-GSM tags; to Guy Harvey for assis-
tance with fish species identification; and to the Seabird
Ecology Group at the University of Liverpool (SEGUL) for
useful discussions. This study was funded by the Depart-
ment of Environment, Cayman Islands Government, a grant
provided by the Darwin Initiative, UK Government (grant
No. DPLUS044), and the School of Life and Environmental
Sciences, Deakin University. All procedures preformed in
this study were in accordance with the ethical standards of
the institution(s) and/or applicable national guidelines for
the care and use of wild animals.
LITERATURE CITED
Åkesson S, Weimerskirch H (2014) Evidence for sex-segre-
gated ocean distributions of first-winter wandering alba-
trosses at Crozet Islands. PLOS ONE 9: e86779 
Ashmole NP (1971) Seabird ecology and the marine environ-
ment. In: Farner DS, King JR (eds) Avian Biology, Vol 1.
Academic Press, New York, NY, p 223−286
Baker GB, Double MC, Gales R, Tuck GN and others (2007)
A global assessment of the impact of fisheries-related
mortality on shy and white-capped albatrosses: conser-
vation implications. Biol Conserv 137: 319−333 
Bates D, Maechler M, Bolker B (2013) lme4: Linear mixed-
effects models using S4 classes. R package version
0.999999-2. http: //CRAN.R-project.org/package=lme4
Brown ZW, Welcker J, Harding A, Walkusz W, Karnovsky
NJ (2012) Divergent diving behavior during short and
long trips of a bimodal forager, the little auk Alle alle.
J Avian Biol 43: 215−226 
Calixto-Albarrán I, Osorno JL (2000) The diet of the magnif-
icent frigatebird during chick rearing. Condor 102: 
569−576 
Carmona R, Guzmán J, Elorduy JF (1995) Hatching, growth,
and mortality of magnificent frigatebird chicks in south-
ern Baja California. Wilson Bull 107: 328−337
Chaurand T, Weimerskirch H (1994) The regular alternation
of short and long foraging trips in the blue petrel
Halobaena caerulea: a previously undescribed strategy
of food provisioning in a pelagic seabird. J Anim Ecol 63: 
275−282 
Cherel Y, Le Corre M, Jaquemet S, Ménard F, Richard P,
Weimerskirch H (2008) Resource partitioning within a
tropical seabird community: new information from stable
isotopes. Mar Ecol Prog Ser 366: 281−291 
Cleasby IR, Wakefield ED, Bodey TW, Davies RD and others
(2015) Sexual segregation in a wide-ranging marine
predator is a consequence of habitat selection. Mar Ecol
Prog Ser 518: 1−12 
Congdon BC, Preker M (2004) Sex-specific chick provision-
ing and kleptoparasitism in the least frigatebird, Fregata
ariel. Emu 104: 347−351 
Cristol DA, Baker MB, Carbone C (1999) Differential migra-
tion revisited: latitudinal segregation by age and sex
class. In: Nolan VJ, Ketterson ED, Thompson CF (eds)
Current ornithology, Book 15. Kluwer/Plenum, New
York, NY, p 33–88
Cuthill I, Kacelnik A (1990) Central place foraging: a reap-
praisal of the ‘loading effect’. Anim Behav 40: 1087−1101 
Diamond A (1972) Sexual dimorphism in breeding cycles
and unequal sex ratio in magnificent frigatebirds. Ibis
114: 395−398 
Diamond A (1973) Notes on the breeding biology and be -
havior of the magnificent frigatebird. Condor 75: 200−209 
Diamond A (1975) Biology and behaviour of frigatebirds
Fregata spp. on Aldabra Atoll. Ibis 117: 302−323 
Duong T (2013) ks: kernel smoothing. R package version
1.8.13. http: //CRAN.R-project.org/package=ks
Garthe S, Benvenuti S, Montevecchi WA (2003) Temporal
patterns of foraging activities of northern gannets, Morus
bassanus, in the northwest Atlantic Ocean. Can J Zool
81: 453−461 
Gaston AJ, Ydenberg RC, Smith GJ (2007) Ashmole’s halo
and population regulation in seabirds. Mar Ornithol 35: 
119−126
Gilardi JD (1994) Great frigatebird kleptoparasitism: sex-
specific host choice and age-related proficiency. Condor
96: 987−993 
González-Solís J, Croxall JP, Wood AG (2000) Foraging par-
titioning between giant petrels Macronectes spp. and its
relationship with breeding population changes at Bird
Island, South Georgia. Mar Ecol Prog Ser 204: 279−288
Guilford T, Meade J, Freeman R, Biro D and others (2008)
GPS tracking of the foraging movements of Manx shear-
waters Puffinus puffinus breeding on Skomer Island,
Wales. Ibis 150: 462–473
Hanlon J (2017) Developing UAV monitoring methods for
212
Austin et al.: Flexible foraging in magnificent frigatebirds
tropical seabirds. MSc thesis, University of Liverpool 
Hazen EL, Suryan RM, Santora JA, Bograd SJ, Watanuki Y,
Wilson RP (2013) Scales and mechanisms of marine
hotspot formation. Mar Ecol Prog Ser 487: 177−183
Hennicke JC, James DJ, Weimerskirch H (2015) Sex-spe-
cific habitat utilization and differential breeding invest-
ments in Christmas Island frigatebirds throughout the
breeding cycle. PLOS ONE 10: e0129437 
Jehl JR, Murray BG (1986) The evolution of normal and
reverse sexual size dimorphism in shorebirds and other
birds. Curr Ornithol 3: 1−86
Lagarde F, Le Corre M, Lormeé H (2001) Species and sex-
biased predation on hatchling green turtles by frigate-
birds on Europa Island, Western Indian Ocean. Condor
103: 405−408 
Lagarde F, Lormée H, Le Corre M (2004) Parental care in
frigatebirds: a comparison between two sympatric spe-
cies. Rev Ecol Terre Vie 59: 465−474
Le Corre M, Jouventin P (1997) Kleptoparasitism in tropical
seabirds: vulnerability and avoidance responses of a host
species, the red-footed booby. Condor 99: 162−168 
Markman S, Pinshow B, Wright J, Kotler BP (2004) Food
patch use by parent birds: to gather food for themselves
or for their chicks? J Anim Ecol 73: 747−755 
Marra PP (2000) The role of behavioral dominance in struc-
turing patterns of habitat occupancy in a migrant bird
during the nonbreeding season. Behav Ecol 11: 299−308 
McNamara JM, Houston AI (1997) Currencies for foraging
based on energetic gain. Am Nat 150: 603−617 
Megyesi JL, Griffin CR (1996) Brown noddy chick predation
by great frigatebirds in the northwestern Hawaiian
Islands. Condor 98: 322−327 
Mott R, Herrod A, Clarke RH (2016) Interpopulation re -
source partitioning of lesser frigatebirds and the influ-
ence of environmental context. Ecol Evol 6: 8583−8594 
Mott R, Herrod A, Clarke RH (2017) Resource partitioning
between species and sexes in great frigatebirds and
lesser frigatebirds. Auk 134: 153−167 
Murphy EJ (1996) Nutrition and metabolism. In: Carey C
(ed) Avian energetics and nutritional ecology. Chapman
and Hall, New York, NY, p 31–60
Murphy K (1998) Hidden markov model (HMM) toolbox for
Matlab. www.cs.ubc.ca/~murphyk/Software/ HMM/ hmm.
html
Nel D, Ryan PG, Nel JL, Klages NT, Wilson RP, Robertson G,
Tuck GN (2002) Foraging interactions between wander-
ing albatrosses Diomedea exulans breeding on Marion
Island and longline fisheries in the southern Indian
Ocean. Ibis 144: E141−E154 
Nelson JB (1975) The breeding biology of frigatebirds: a
comparative review. Living Bird 14: 113−155
Nur N (1988) The cost of reproduction in birds: an examina-
tion of the evidence. Ardea 76: 155−168
Oppel S, Beard A, Fox D, Mackley E and others (2015) For-
aging distribution of a tropical seabird supports Ash-
mole’s hypothesis of population regulation. Behav Ecol
Sociobiol 69: 915−926 
Oppel S, Weber S, Weber N, Fox D and others (2017) Sea-
sonal shifts in foraging distribution due to individual
flexibility in a tropical pelagic forager, the Ascension
frigatebird. Mar Ecol Prog Ser 585: 199−212 
Osorno JLJ (1996) Evolution of breeding behavior in the
magnificent frigatebird: copulatory pattern and parental
investment. PhD dissertation, University of Florida,
Gainesville, FL
Osorno JL (1999) Offspring desertion in the magnificent
frigatebird: Are males facing a trade-off between current
and future reproduction? J Avian Biol 30: 335−341 
Osorno JL, Székely T (2004) Sexual conflict and parental
care in magnificent frigatebirds: full compensation by
deserted females. Anim Behav 68: 337−342 
Osorno J, Torres R, Garcia CM (1992) Kleptoparasitic
behavior of the magnificent frigatebird: sex bias and suc-
cess. Condor 94: 692−698 
Pennycuick CJ (1983) Thermal soaring compared in three
dissimilar tropical bird species, Fregata magnificens,
Pelecanus occidentals and Coragyps atratus. J Exp Biol
102: 307−325
Pérez C, Granadeiro JP, Dias MP, Alonso H, Catry P (2014)
When males are more inclined to stay at home: insights
into the partial migration of a pelagic seabird provided
by geolocators and isotopes. Behav Ecol 25: 313−319 
Phillips RA, Silk JRD, Phalan B, Catry P, Croxall JP (2004)
Seasonal sexual segregation in two Thalassarche alba-
tross species: competitive exclusion, reproductive role
specialization or foraging niche divergence? Proc R Soc B
271: 1283−1291 
Quintana F, Dell’Arciprete OP, Copello S (2010) Foraging
behavior and habitat use by the southern giant petrel on
the Patagonian Shelf. Mar Biol 157: 515−525 
R Core Team (2015) R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna
Ricklefs RE (1990) Seabird life histories and the marine envi-
ronment: some speculations. Colon Waterbirds 13: 1−6 
Ropert-Coudert Y, Grémillet D, Kato A, Ryan PG, Naito Y,
Le Maho Y (2004a) A fine-scale time budget of Cape
gannets provides insights into the foraging strategies of
coastal seabirds. Anim Behav 67: 985−992 
Ropert-Coudert Y, Wilson RP, Daunt F, Kato A (2004b) Pat-
terns of energy acquisition by a central place forager: 
benefits of alternating short and long foraging trips.
Behav Ecol 15: 824−830 
Ryan PG, Boix-Hinzen C (1999) Consistent male-biased sea-
bird mortality in the Patagonian toothfish longline fish-
ery. Auk 116: 851−854 
Saraux C, Robinson-Laverick SM, Le Maho Y, Ropert-
Coudert Y, Chiaradia A (2011) Plasticity in foraging
strategies of inshore birds: how little penguins maintain
body reserves while feeding offspring. Ecology 92: 
1909−1916 
Sebastiano M, Bustamante P, Costantini D, Eulaers I and
others (2016) High levels of mercury and low levels of
persistent organic pollutants in a tropical seabird in
French Guiana, the magnificent frigatebird, Fregata
magnificens. Environ Pollut 214: 384−393 
Shaffer SA, Weimerskirch H, Costa D (2001) Functional sig-
nificance of sexual dimorphism in wandering alba-
trosses, Diomedea exulans. Funct Ecol 15: 203−210 
Spear LB, Ainley DG (1997) Flight speed of seabirds in rela-
tion to wind speed and direction. Ibis 139: 234−251 
Trefry SA, Diamond AW (2017) Exploring hypotheses for
sexual size dimorphism in frigatebirds. Evol Ecol Res 18: 
225−252
Tremblay Y, Shaffer SA, Fowler SL, Kuhn CE and others
(2006) Interpolation of animal tracking data in a fluid
environment. J Exp Biol 209: 128−140 
Trivers R (1972) Parental investment and sexual selection.
In: Campbell B (ed) Sexual selection and the descent of
man 1871-1971. Aldine Press, Chicago, IL, p 136–207
213
Mar Ecol Prog Ser 611: 203–214, 2019
Trivers RL (1974) Parent-offspring conflict. Integr Comp Biol
14: 249−264
Wearmouth VJ, Sims DW (2008) Sexual segregation in mar-
ine fish, reptiles, birds and mammals: behaviour pat-
terns, mechanisms and conservation implications. Adv
Mar Biol 54: 107−170 
Weimerskirch H (1998) How can a pelagic seabird provision
its chick when relying on a distant food resource? Cyclic
attendance at the colony, foraging decision and body
condition in sooty shearwaters. J Anim Ecol 67: 99−109 
Weimerskirch H (2007) Are seabirds foraging for unpre-
dictable resources? Deep Sea Res II 54: 211−223 
Weimerskirch H, Chastel O, Ackermann L, Chaurand T,
Cuenot-Chaillet F, Hindermeyer X, Judas J (1994) Alter-
nate long and short foraging trips in pelagic seabird par-
ents. Anim Behav 47: 472−476 
Weimerskirch H, Fradet G, Cherel Y (1999) Natural and
experimental changes in chick provisioning in a long-
lived seabird, the Antarctic prion. J Avian Biol 30: 
165−174 
Weimerskirch H, Schreiber E, Burger J (2002) Seabird
demography and its relationship with the marine envi-
ronment. In: Schreiber E, Burger J (eds) Biology of mar-
ine birds. CRC Press, Boca Raton, FL, p 115–136
Weimerskirch H, Ancel A, Caloin M, Zahariev A, Spagiari J,
Kersten M, Chastel O (2003) Foraging efficiency and
adjustment of energy expenditure in a pelagic seabird
provisioning its chick. J Anim Ecol 72: 500−508 
Weimerskirch H, Le Corre M, Jaquemet S, Potier M, Marsac
F (2004) Foraging strategy of a top predator in tropical
waters: great frigatebirds in the Mozambique Channel.
Mar Ecol Prog Ser 275: 297−308 
Weimerskirch H, Corre ML, Ropert-Coudert Y, Kato A,
Marsac F (2006a) Sex-specific foraging behaviour in a
seabird with reversed sexual dimorphism: the red-footed
booby. Oecologia 146: 681−691 
Weimerskirch H, Le Corre M, Marsac F, Barbraud C,
Tostain O, Chastel O (2006b) Postbreeding movements
of frigatebirds tracked with satellite telemetry. Condor
108: 220−225 
Weimerskirch H, Shaffer SA, Tremblay Y, Costa DP and oth-
ers (2009) Species-and sex-specific differences in forag-
ing behaviour and foraging zones in blue-footed and
brown boobies in the Gulf of California. Mar Ecol Prog
Ser 391: 267−278 
Weimerskirch H, Le Corre M, Kai ET, Marsac F (2010) For-
aging movements of great frigatebirds from Aldabra
Island: relationship with environmental variables and
interactions with fisheries. Prog Oceanogr 86: 204−213 
Weimerskirch H, Bishop C, Jeanniard-du-Dot T, Prudor A,
Sachs G (2016) Frigatebirds track atmospheric conditions
over months-long transoceanic flights. Science 353: 74−78 
Welcker J, Harding A, Karnovsky NJ, Steen H, Strøm H,
Gabrielsen GW (2009a) Flexibility in the bimodal forag-
ing strategy of a high Arctic alcid, the little auk Alle alle.
J Avian Biol 40: 388−399 
Welcker J, Steen H, Harding A, Gabrielsen GW (2009b)
Sex specific provisioning behaviour in a monomorphic
seabird with a bimodal foraging strategy. Ibis 151: 
502−513 
Ydenberg RC (1994) The behavioral ecology of provisioning
in birds. Ecoscience 1: 1−14 
Ydenberg R, Welham C, Schmid-Hempel R, Schmid-
Hempel P, Beauchamp G (1994) Time and energy con-
straints and the relationships between currencies in for-
aging theory. Behav Ecol 5: 28−34
214
Editorial responsibility: Rory Wilson, Swansea, UK Submitted: July 10, 2018; Accepted: December 21, 2018
Proofs received from author(s): February 11, 2019
